The effect of prolonged intense endurance exercise training on exertional hypotension was investigated in 16 patients with coronary artery disease who had a 10 mm Hg or greater fall in systolic blood pressure (SBP) during progressive exercise testing. Training consisted of walking, running, or cycling at 50% to 60% of peak oxygen uptake (peak V02) for 30 min 3 days per week for an initial 3 months and was followed by an additional 9 months of similar exercise performed at 70% to 90% of peak V02 for 50 to 60 min 5 days per week. The 1 year program resulted in a 41% increase in peak V02 and lower heart rate and blood pressure responses to submaximal work. Before conditioning, SBP attained a maximal value of 162 + 5 mm Hg but fell 21 + 3 mm Hg, to 141 + 7 mm Hg, at peak effort (p < .01). After training, maximal SBP was achieved at a faster heart rate (157 + 5 vs 132 + 6 beats/min; p < .001) and was 7.4% higher (174 ± 6 vs 162 ± 5 mm Hg; p < .005), while SBP at peak exercise had increased by 21% (171 + 6 vs 141 ± 7 mm Hg; p < .001) and ST segment depression was slightly reduced. Left ventricular ejection fraction (LVEF) before training declined from 56 + 4% at rest to 52 + 3% at peak exercise (p < .05). After the exercise program, LVEF at peak effort was higher (56 ± 4 vs 52 ± 3%; p < .02) despite attainment of a greater peak supine exercise SBP (195 ± 6 vs 165 ± 6 mm Hg; p < .0001). Peak exercise stroke work and cardiac output increased 19% and 13%, respectively (both p < .005). No changes in exercise capacity, hemodynamics, or LVEF were observed in 10 nonexercising control patients with similar clinical and physiologic characteristics. These data suggest that prolonged intense endurance exercise training can normalize the SBP response to exercise for selected patients with coronary artery disease and exertional hypotension in conjunction with an improvement in indexes of myocardial ischemia. Circulation 76, No. 3, 548-555, 1987. ONE OF THE MAJOR circulatory adjustments to acute incremental exercise is a progressive rise in systolic blood pressure. 1-3 For patients with coronary artery disease, a decrease in systolic blood pressure (SBP) during exercise often reflects severe myocardial ischemia resulting in left ventricular decompensation.i5 Interventions that lessen myocardial ischemia, and thus improve left ventricular performance, are reported to reverse this abnormality in blood pressure response to
exercise.6 Recent studies suggest that exercise training of sufficient duration and intensity improves left ventricular function in patients with coronary artery disease.7 8 Therefore, the purpose of this study was to evaluate the effect of prolonged intense endurance exercise training on SBP during exercise in patients with exertional hypotension.
Methods
Patients. Twenty patients with documented coronary artery disease were recruited for the study on the basis of the following criteria: (1) occurrence of exertional hypotension, defined as a 10 mm Hg or greater decrease in SBP during progressive incremental exercise, and (2) willingness to participate in a 12 month program of supervised endurance exercise training. Sixteen patients, 54 + 2 yr old (mean + SE) completed the study. The remaining four included a 48-year-old asymptomatic man with a previous myocardial infarction who was unable to continue the exercise program because he developed angina. Subsequently, he suffered an uncomplicated myocardial infarction. Another patient with effort angina could not complete the training program because of lack of clinical improvement. He was found to have severe (>75% stenosis) and triple-vessel disease on the coronary angiogram, and underwent myocardial revascularization uneventfully. Two patients who completed 12 months of training and normalized their SBP responses to exercise were excluded because of decreases in the propranolol dosage they were taking and an unwillingness on their part to raise the dosage to the pretraining level for the final evaluation.
Exertional hypotension was documented in all patients by at least two measurements of SBP 10 'mm Hg or more below the maximal value attained during the same exercise test. For 13 patients, this finding was observed during upright exercise on two tests performed within 7 to 10 days by different protocols. These two tests included a standard Bruce protocol for initial evaluation and a modified Bruce protocol for measurement of peak oxygen uptake (V02). For the remaining three patients, exertional hypotension occurred during supine incremental bicycle exercise. Fourteen of the 16 patients completed this protocol, which was used to assess left ventricular function at rest and during exercise by radionuclide ventriculography.
Fourteen exercising patients had previous myocardial infarctions documented by typical clinical, electrocardiographic, and enzymatic changes (table 1). The mean interval between myocardial infarction and entry into the study was 9 + 2 months. Ofeight patients who underwent coronary angiography, four had three-vessel disease, two had two-vessel disease, and two had single-vessel disease. Two patients who underwent revascularization suffered myocardial infarctions postoperatively but before participating in the training program. Five patients had chronic stable effort angina and 11 had ischemic ST segment changes during exercise. Nine patients were being treated with /3-adrenergic-blocking agents, six with long-acting nitrates and four with digoxin. Two of the latter group had positive exercise electrocardiograms and digoxin was withheld for 10 days before exercise testing. Clinical characteristics of all patients are given in detail in table 1.
To evaluate reproducibility and spontaneous resolution of exertional hypotension over the same time interval as the training period, 10 control patients, 48 ± 2 years old (range 36 to 56 years), were studied on two separate occasions approximately 12 months apart. This group consisted of patients originally enrolled in the training study who discontinued exercise for nonmedical reasons (eight patients) or orthopedic problems (two patients), who agreed to be retested after approximately 1 year, and who had no change in clinical status between initial and final testing. All had a fall in systolic blood pressure of 10 mm Hg or more during the initial progressive exercise test performed before entry into the study. Seven had suffered a previous myocardial infarction at a similar time before initial investigation as that for the experimental group (7 + 1 months for the control and 9 ± 2 months for the experimental group). The other three had angiographically documented significant coronary artery disease (one, three-vessel disease; two, two-vessel disease). Four control patients had effort angina and six had exercise-induced ST segment changes (table 1) . Six patients were medicated with ,B-adrenergic-blocking agents, four with longacting nitrates, and one with digoxin. Medication regimens were identical before initial and final testing for both control and experimental patients. Baseline exercise capacity and left ventricular ejection fraction (%LVEF) were similar for control and experimental groups (Bruce protocol treadmill time 379 + 34 vs 394 ± 24 sec for control and experimental groups, respectively;peakoxygenuptake24.7 ± l.Ovs 22.8 ± 0.8 ml x kg-' x min-1, respectively; %LVEF 55.8 ± 4.1 vs 56.4 + 3.7, respectively).
None of the patients had orthostatic hypotension or clinical or laboratory findings suggestive of hypertrophic cardiomyopathy, left ventricular outflow tract obstruction, or significant valvular heart disease. One control patient had mild mitral valve prolapse. In addition, none of the patients had ventricular or atrial arrhythmias during or preceding exertional hypotension.
Exercise testing and measurement of peak VO2. Each patient initially underwent a near-maximal multistage treadmill test (Bruce protocol).9 One week later peak V02 was measured during another treadmill exercise test, as previously described. '°T he exercise end point was a 10 mm Hg or greater fall in SBP from the maximal value. True maximal oxygen uptake (V02max), defined as attainment of a plateau of V02 with increasing work rate (leveling off criterion), could not be measured initially because of a progressive fall in SBP. Therefore, peak V02 rather than VO2max was measured. After a year of training most patients were able to attain true VO2max and final tests were symptom-limited except in two patients in whom a persistent 10 mm Hg or greater decline of SBP was still observed at peak exercise. Electrocardiographic (ECG) leads V4-V6 were recorded every 30 sec during exercise and in recovery. A standard 12-lead electrocardiogram was recorded before exercise, during the latter 30 sec of each exercise stage, and at 30 sec and 10 min after exercise. For patients having flat or downsloping ST segment shifts of 1 mm or more. ST segment depression was determined by visual inspection 80 msec after the J point, as described previously. '°The largest ST shift among leads V4-V6 observed for at least three consecutive ECG complexes during or after exercise was reported. Comparisons of ST segment changes between initial and final tests were made in the same ECG leads.
Measurement of blood pressure. Blood pressure was measured with a mercury sphygmomanometer at rest and every 3 min during the latter 30 sec of each stage of progressive exercise. When SBP decreased at higher work rates, measurement of blood pressure was repeated to verify the decline. Maximal SBP was defined as the highest value attained during the test. Blood pressure at the time of peak exercise was defined as the value obtained immediately (within approximately 5 sec) before or after termination of exercise.
Assessment of left ventricular function. In 14 exercising patients and six controls, left ventricular performance was evaluated at rest and during supine exercise by electrocardiographically gated cardiac blood pool imaging. Techniques used for 99mTc labeling of red blood cells in vivo, cardiac image acquisition, background subtraction and spatial calibration of images, and determination of left ventricular volumes and LVEF have been described previously. 7 Reproducibility was also reported earlier. " Left ventricular stroke work (LVSW) was defined as LVSW = MBP x SV x 0.0136 where MBP = mean blood pressure; SV = stroke volume. The graded supine bicycle ergometer protocol used for assessment of left ventricular function during exercise consisted of an initial work rate of 25 W and subsequent progressive work rate increments of 25 W every 3 min until fatigue, angina, or a fall in SBP occurred.
Training program. Details of the 12 month training program have been reported in an earlier communication. 0 Participants were expected to exercise three times per week for the first 3 months and five times per week for an additional 9 months. Each exercise session lasted 30 min initially and was increased progressively over the final 9 months of the program to 50 to 60 min. Exercise intensity for the first 3 months of training was modest and equivalent to 50% to 60% of peakl V02. Patients advanced in the medically supervised conditioning program from brisk walking through walk-jog sequences to continuous jogging oran equivalent amount of bicycle ergometer exercise. As exercise tolerance increased, the training intensity for each patient was gradually increased to 70% to 90% of peak V02. Clinical status of each patient was evaluated and serial exercise tests were performed to assess progress. Adjustments of training intensity were made in the context of the most recently administered exercise test. Severity of effort was always maintained slightly below the level that induced exertional hypotension or angina.
Statistical analysis. Statistical differences between experimental and control patients were evaluated by Student's t tests for unpaired observations. Significant effects of training or the control interval were assessed by paired t tests. Data are expressed as means ± SE. Results
The patients exercised an average of 4.6 days per week during the last 3 months of the training program.
Thirteen were able to run 3 to 5 miles continuously at an average pace of approximately 10.5 min/mile after 9 months of participation. This group averaged 15 to 20 miles of running per week. Two patients had a lower exercise tolerance. One ran at a slower pace (12.5 min/mile) and covered 2.5 to 3 miles per session. The other progressed only to the alternate walk-jog sequence and averaged 1 to 1.5 miles of slow jogging and 1 to No improvements in indexes of exercise capacity occurred in the control group. Peak V02 corrected for body weight (24.7 + 1.0 ml x kg-' x min-') was similar initially to that in the experimental group and remained unchanged at follow-up testing (23.2 + 0.9 ml X kg-1 X min-1). Treadmill time was also similar on both occasions (410 ± 21 vs 379 + 34 sec; NS).
Hemodynamic effects. Resting heart rate declined from 64 ± 3 to 55 + 2 beats/min (p < .001) in exercising patients. There was no change in resting blood pressure. However, both heart rate and blood pressure were lower at stage I of the Bruce protocol after training (figure 1). Heart rate at peak treadmill exercise increased from 146 ± 6 to 157 ± 4 beats/min (p < .02). For control patients, resting heart rate rose slightly from 63 ± 3 to 70 ± 4 beats/min (p < .05). There were no changes in heart rate during submaximal or peak exercise in controls. Before training, SBP for the experimental group attained a maximal value of 162 + 5 mm Hg and subsequently fell 21 + 3 mm Hg, to 141 ± 7 mm Hg, at peak exercise (p < .01 vs maximal SBP; figures 2 and 3). After 1 year of training, a decline exchange ratio; Ap < .01 vs initial value for treadmill time; Bp < .02 vs respective initial values for RER at peak WI2 and heart rate at peak exercise; Cp < .001 vs respective initial values for peak \D2 and SBP at peak exercise.
in SBP of more than 10 mm Hg was only observed in two of 16 patients ( figure 3) . Maximal SBP increased 7.4% from 162 + 5 to 174 ± 6 mm Hg (p < .005) and was achieved at a higher heart rate (157 ± 5 vs 132 ± 6 beats/min; p < .001) and relative work rate (99 ± 1 vs 79 ± 4% peak V02; p < .001) after vs before training ( figure 2 ). In addition, the decline in SBP at hypotension. In this individual, SBP fell 10 mm Hg before and 20 mm Hg from its maximal value after training. However, in the same patient SBP at peak exercise increased from 170 to 198 mm Hg. For patients who did not exercise, maximal SBP at entry into the study was similar to that for the exercising group (167 ± 9 and 162 ± 5 mm Hg, respectively; figure 2 ). At initial testing, SBP for the control group fell 18 ± 3 mm Hg, to 149 + 9 mm Hg, at peak exercise (p < .01 vs maximal SBP; no difference from initial experimental group results) and 13 ± 3 mm Hg, to 144 ± 8 mm Hg, on the final evaluation (p < .01 vs maximal SBP; figure 3 ). Heart rate at maximal SBP and at peak exercise remained unchanged for control patients (figure 2).
Left ventricular function. There was no change in %LVEF at rest in either group of patients after 1 year (56.0 + 4.1 final vs 56.3 ± 3.7 initial for the exercising group and 55.3 ± 5.1 final vs 55.8 + 4.1 initial for controls). However, in the exercising group, %LVEF at peak effort fell to 52.4 ± 3.4 (p < .05 vs rest) before training but remained unchanged (56.2 ± 3.7) after training, despite an increase in simulta- TABLE 3 Selected physiologic variables at rest and during peak supine exercise by radionuclide ventriculography %LVEFre,t %LVEF LVEDVpak (ml) LVESV (ml) SBP, ( table 3 ) and a 20% rise in rate-pressure product under these conditions (p < .001 vs pretraining) ( figure 4 ). Thus, %LVEF at peak effort was higher in the trained state (56.2 3.7 vs 52.4 3.4; p < .02). Stroke volume at peak supine exercise increased from 81 ± 9 to 90 ± 7 ml (p < .02) after conditioning, while stroke work at peak supine exercise rose 19% (160 ± 11 vs 135 14 g x m; p < .005) and cardiac outputrose 13% (11.9 ± 1.0 vs. 10.5 ± 1.2 liter/min; p < .002; figure 5 ).
Because the enhancement of cardiac output was greater than that of mean blood pressure, total peripheral resistance at peak effort was 1 1 % lower after training (968 ± 110vs 1086 ± 116dynes x sec x cm5;p<.05). For the experimental group, the systolic pressure-end systolic volume relation at peak exercise after training was shifted upward, with no significant change in endsystolic volume but a large increase in systolic pressure ( figure 6 ). There was a tendency for left ventricular end-diastolic volume (LVEDV) both at rest and at peak supine exercise to increase after conditioning, but the differences were not statistically significant (table 3) . The single patient manifesting a greater fall in SBP at peak exercise after vs before training (-20 vs -10 mm Hg) also had a larger decline in LVEF with exercise after completion of the program (-22% vs -9%). For control subjects, there was no difference in %LVEF at rest or at peak exercise on the two evaluations performed approximately a year apart (table 3) . Similarly, SBP, stroke volume, stroke work, rate-pressure product, LVEDV, and cardiac output at peak supine exercise all remained unchanged on the final compared with the initial study (table 3) . 
Discussion
Our findings demonstrated that prolonged intense endurance exercise training can markedly improve or ameliorate the abnormal systolic blood pressure response to exercise in selected patients with coronary artery disease and exertional hypotension. This effect occurred in conjunction with partial mitigation of exercise-induced left ventricular dysfunction.
Nonischemic causes of exertional hypotension include left ventricular outflow obstruction, sustained cardiac arrhythmias, hemodynamic overload occurring in patients with severely depressed cardiac pump capacity, and noncardiac causes of hypotension such as hypovolemia or inappropriate systemic vasodilatation.4 Adrenergic-blocking agents may limit the rise or occasionally result in a fall in systolic blood pressure during physical effort.5 For patients with coronary artery disease, a decline in SBP during exercise frequently reflects acute left ventricular pump dysfunction due to extensive myocardiaf ischemia. In our study, the fall in SBP with exercise occurred in patients having an associated decline in LVEF, development of ST segment depression, and/or angina pectoris during physical effort, providing evidence for acute left ventricular dysfunction secondary to myocardial ischemia as the major contributing factor. This likelihood is supported by the fact that 75% of our patients who underwent cardiac catheterization had significant twoor three-vessel coronary artery disease and nearly 90% had suffered a previous myocardial infarction. Other potential causes of exertional hypotension are unlikely to have played a major role in this patient population. No patients in the experimental group had clinical or laboratory evidence of valvular heart disease and only one control patient had mild mitral valve prolapse. Nor were historical or clinical manifestations of dilated or hypertrophic cardiomyopathy present in any of our patients. Sustained arrhythmias or significant increases in the frequency of ventricular premature beats were not observed preceding the fall in SBP. No patients had orthostatic hypotension, excluding significant hypovolemia or autonomic insufficiency. The dosage of ,3-adrenergic-blocking agents in our patients was modest (propranolol or its equivalent 100 mg/day) and both the dosage and time interval between testing and last ingestion of medication were similar before and after training. Despite the similarity of testing conditions for the two evaluations, the decline in systolic blood pressure for exercising patients was only observed before training.
There are several potential explanations for traininginduced reversal of exertional hypotension. The improved blood pressure response was likely to have been at least partly the result of a salutary effect of training on ischemia-induced left ventricular dysfunction. Previous studies have shown that coronary artery bypass grafting can abolish the fall in systolic blood pressure during exercise14' 15 and lessen or eliminate exertional ST segment depression. 6 16 In our patients, amelioration of the fall in LVEF, reduction in ST segment depression, and augmentation ofheart rate and SBP responses at peak effort are consistent with this hypothesis. Several investigators have provided evidence for improved myocardial perfusion in experimental animals with coronary artery obstruction that undergo prolonged or strenuous endurance exercise training. [17] [18] [19] Alternative explanations that could have accounted for the improved SBP response to exercise in our patients include a greater peripheral resistance at peak effort, enhanced intrinsic left ventricular contractile function, and an increase in left ventricular mass and wall thickness such that stroke volume was augmented because of reduced wall stress despite a greater SBP. However, peripheral resistance at peak effort actually declined in our patients with training, consistent with previous studies of the cardiovascular effects of physical conditioning.20 Enhanced left ventricular performance or left ventricular hypertrophy may also have contributed to our findings but cannot be implicated with certainty from the present data.
Several lines of evidence suggest that our results are not explainable on the basis of spontaneous resolution of exertional hypotension or by other confounding factors. Spontaneous improvement of hemodynamic responses to exercise is most rapid in the few weeks immediately following myocardial infarction and nearly complete within 3 to 6 months.21 22 Patients in our investigation were all studied at least 3 months after myocardial infarction. The average interval between infarction and entry into the study was 7 months for control and 9 months for experimental group patients. Furthermore, control patients, who were comparable in terms of various clinical and physiologic characteristics, achieved no significant improvement in SBP response to exercise after a 12 month interval without training. Nor was there evidence to suggest that motivational factors explained our results. Although initial tests for both exercising and nonexercising patients were terminated for hypotension rather than for fatigue, both groups achieved similar SBP and respiratory exchange ratio responses to peak exercise. The respiratory data are consistent with the occurrence of hyperventilation and indicate that maximal effort was closely approached by both groups. 23 Although the exercise regimen used in this study was higher in intensity and considerably longer in duration than that conventionally used for cardiac rehabilitation, it was implemented with great caution. Training intensity was increased very gradually only after careful frequent clinical evaluations and exercise tests. The level of training in the first 3 months of the study was modest and comparable in intensity to that used in conventional cardiac rehabilitation programs. In addition, the prescribed training intensity was always lower than the work rate that elicited an abnormal SBP response.
The criterion used in this study for an abnormal blood pressure response to exercise (i.e., a 10 mm Hg or greater decline in SBP from the maximal level) differed from that used in some earlier reports in which an abnormal response was considered to be a fall in SBP below the resting value. 6 16 Patients in the latter category probably have more severely compromised coronary blood flow and develop more profound exerciseinduced left ventricular dysfunction than patients participating in the present investigation. It is unknown whether patients with more severe exertional hypotension would respond favorably to the training regimen used in our study and it is conceivable that exercise might not be desirable or safe for patients with such severely limited cardiac reserve.
The observations described in this communication indicate that prolonged intense exercise training can reverse exertional hypotension in some patients with coronary artery disease. This effect is likely to be due in part to improvement in left ventricular function resulting from a reduction of myocardial ischemia.
